Our objective is to review the initial presentation, evolution, progression, final stage, and images in the follow up of an adult patient who presented an uncommon peroxisomal disease (1/20,000 males) that occurred by ABCD1 gene mutation in the Xq28 chromosome; to bring forward the imaging features (which nowadays is the most useful and accessible diagnostic tool) and clinical presentation of adrenoleukodystrophy in adulthood; to propose a differential diagnosis in aid of a prompt recognition of the disease hereafter from a neurologist approach.
Case presentation
A 38-year-old male presents with a three-year history of spastic paraparesis, gait disturbances, fasciculations, urinary urgency, and sexual impotence; a family history of one uncle with the diagnosis of probable spastic familial paraparesis or primary lateral sclerosis, and a daughter with a motor neuron illness no otherwise specified. The only alterations found on the physical examination at the first medical consult were hyperreflexia of the lower limbs, pseudohypertrophy, and bilateral Babinski. A Magnetic Resonance Image (MRI) study of the brain was indicated in which there were slightly evident hyperintense signals on T2-Weighted-Fluid-Attenuated Inversion Recovery (T2FLAIR) in the parietal-occipital lobes and the periventricular white matter, with the involvement of the posterior limb of the internal capsule and splenium of the corpus callosum (Fig. 1 ). The MRI of the spinal cord showed a slight atrophy and a subtle hyperintense signal predominantly over the ventral-lateral zones of the thoracic spinal cord ( Fig. 1) . At that time motor neuron disease was suspected.
In the five coming years the neurologic status of the patient progressively deteriorated presenting muscle cramps, increasing falls, pain, anxiety, insomnia, apathy, and depression. At this moment the probable diagnosis was familial spastic paraparesis. Two years later, in a genetic study, the finding of an ABCD1 gene mutation, as well as elevated levels of very long chain fatty acids (VLCFA), established the diagnosis of Xlinked adrenoleukodystrophy in its adrenomyeloneuropathy variation or phenotype with cerebral involvement.
A bone marrow transplant was proposed as a treatment but without showing any improvement in the symptoms posteriorly. Over time, aggressivity, distal paresthesia in the lower limbs, and generalized hyperreflexia were found, and lately requiring the use of a wheelchair.
In a new MRI study (thirteen years of evolution), the previously described findings were compatible with bilateral symmetrical demyelination, occupying a higher brain extension involving the thalamus, bilateral frontotemporal lobes, bilateral corticospinal tracts, the https://doi.org/10.1016/j.ensci.2019.01.007 Received 26 December 2018; Accepted 7 January 2019 Thirteen years later the second MRI study shows the previous lesions now compatible with demyelination involving a higher brain white matter extension and with increased intensity in T2FLAIR (up-left and middle) and evident in the splenium of the corpus callosum (up-right; arrow). The demyelination progresses into the brainstem through the motor pathways seen in the cerebral peduncles at the mesencephalon (down-right; arrows) and follows the track of the corticospinal tract from the brain to the brainstem in a bilateral manner (down-left; arrows). cerebellum, and probably the mesencephalon and the pons with a marked cortical and subcortical atrophy (Fig. 2 ). In the same year a Mini-Mental State Exam was applied getting a score of 23/30. Half year later the score dropped to 15/30 and three months later to 4/30 with a rapidly progressive deterioration in the superior cognitive functions, amnesia, rigidity, headache, speechless, dementia, and dysmetria. Because of recurrent urinary infections the patient got admitted to the hospital for a second time in a year. Meanwhile, a MRI study was taken showing a severe increase in the extension of the demyelinating lesions and in their intensity in T2FLAIR now present as hypointense signals in T1 and fully involving the corpus callosum with severe generalized atrophy (Fig. 3) . The patient died after fifteen years of evolution without any communication, prepositives movements, and the apparent loss of vision and hearing.
Discussion
X-linked Adrenoleukodystrophy (X-ALD) is the most common leukodystrophy and peroxisomal disease with an incidence ranging from 1:15,000-20,000 [1, 2] to even 1:40,000-50,000 males [2, 3] . X-ALD results from a variety of mutations of the ABCD1 gene (ATP-binding cassette, D1 subtype) in the Xq28 chromosome that encodes a peroxisome membrane transporter protein (the adrenoleukodystrophy protein or ALDP). This mutated transporter is involved in the membrane traffic of fatty acid chains of up to 24-30 carbon atoms [4] . Hence, mutations in its gene cause abnormal β-oxidation reactions resulting in a VLCFA elevation and their posterior accumulation in the cell and the organism especially in the cerebral white matter, the spinal cord, and the adrenal cortex [5] . Why adrenocortical and glial cells are more susceptible to toxicity by VLCFA accumulation remains unknown although cell damage by VLCFA oxidative stress could be the leading mechanism [6] .
X-ALD manifests as adrenal insufficiency in the form of Addison's disease in 90% of the patients independently of the neurologic affection which affects 50% of the males [7] . The neurologic symptoms use to begin at three to ten years of age with attention deficit and development regression, spasticity, cortical blindness, cognitive decline, total disability and death. For late-onset presentation in adults such as the previously described that do not present typical childhood symptoms, later in life present dementia, behavioral changes, and a progression and prognosis similar to that in the childhood form [7] . Because the disease is linked to the X chromosome female individuals can act as heterozygous carriers of the mutation or can develop the full spectrum of XALD if they are homozygous and both X chromosomes carry the ABCD1 mutation. Contrary to the X-linked diseases dogma even the female carriers show elevated VLCFA and are highly likely to exhibit neurological symptoms beyond the 60 years of age. The most common manifestation is myelopathy in the form of sphincter disturbance as fecal incontinence [8] .
There are different phenotypes of X-ALD described: childhood cerebral (frequency of 31-35%), adolescent cerebral (4-7%), adrenomyeloneuropathy, adult cerebral, olivo-ponto-cerebellar (1-2%), Addisononly (frequency varies with age), and asymptomatic (frequency diminishes with age) [5, 9] . Because our patient exhibited the adrenomyeloneuropathy (AMN) and adult cerebral phenotypes and being the most common findings in adult onset X-ALD we will proceed to describe each one of these two variations of the disease.
Adrenomyeloneuropathy
The AMN phenotype has an approximate incidence of 1:42,000 [10] and a frequency of 40-46% in individuals with X-ALD. It initiates around the third decade of life (earliest in the second decade and latest in the fifth) [11] as a non-inflammatory primary axonopathy of the spinal cord that involves descending corticospinal tracts in the thoracic and lumbosacral regions and ascending posterior columns in the cervical region [12] . Before the arrival of the MRI study AMN was frequently misdiagnosed as multiple sclerosis or hereditary spastic paraparesis [2, 5] . The clinical presentation and findings are slowly progressive spastic paraparesis that hinders the gait, ataxia, a positive Babinski test, sexual impotence, and loss of sensitivity and of sphincter control with vesical dysfunction and urinary urgency. Peripheral axonal degeneration can be observed in most of the patients. The disease does not manifest intellectual decline at the very beginning unless the cerebral form develops in 20-40% of the patients (AMN-Brain/cerebral phenotype) [7, 12, 13] , or could progress without brain involvement at all and with a less obscure prognosis (Pure AMN) [10, 13] . The principal abnormality seen in a MRI at the spinal cord is atrophy, but corticospinal and corticopontine tracts may also be involved [14] , as well as bilateral pyramidal tract, posterior limb of the internal capsule and pontocerebellar fibers if concurrent cerebral phenotype has established [2, 15] (as seen in Figs. 1 and 2) . On the third MRI the previous lesions almost span over the whole brain white matter presenting as T1 hypointensities while cavitation takes place (middle) and now cover the corpus callosum in its enteriness (right). A severe cortical and subcortical atrophy can be observed.
Adult cerebral
The adult-onset cerebral phenotype occurs in 2-5% of the adult patients without previous manifestations of X-ALD [11] . I has a probable traumatic etiology not yet elucidated or a brain-blood barrier (BBB) endothelial dysfunction that precipitates the leakage of leukocytes into the brain tissue and the outbreak of demyelination [16] . An explanation for the demyelination could be the myelin sheath instability from VLCFA excess in the lipid membrane as it would normally help with its stability and insulating properties [17] . High levels of VLCFA could also be cytotoxic to oligodendrocytes and microglia contributing to the demyelination process [17] . In this variant of the disease the demyelinating zones frequently begin at the splenium of the corpus callosum (as seen in Fig. 1 ) and lately in the posterior periventricular white matter extending through the parietal and occipital lobes. The symptoms appear until there are noticeable lesions in the MRI. In the beginning there are few to none symptoms and there is no evidence of inflammation. It is hypothesized that an underlying immunopathogenic mechanism could cause the inflammatory lesions by reacting against inestable myelin from VLCFA accumulation in oligodendrocytes [18] . The inflammatory phase starts suddenly with a rapid progression of symptoms such as emotional lability, hyperactivity, loss of visual acuity, frontal syndrome, hemiplegia, quadriparesis, cerebellar ataxia, cortical blindness, seizures, visual field defects, and loss of central auditory discrimination. It progresses to a vegetative state in a time lapse from two to five years.
There are alterations compatible with demyelination in the white matter in 80% of the patients, involving the parietal and occipital lobes, splenium of the corpus callosum (this being the earliest finding), and visual and auditory tracts. The demyelination spreads anteriorly through the corpus callosum and posterior limb of the internal capsule [3] (as seen in Fig. 2 ). Ten to 15% have an initial predominant anterior pattern with involvement of the frontal white matter, genu of the corpus callosum and frontopontine tracts [5, 14, 19, 20] . The cerebellum, corticospinal tracts, and spinal cord could be involved in the presence of AMN [20] (Figs. 1 and 2) . The visible lesions can be divided in regions as: the central zone, which has an irreversible demyelination and gliosis corresponding to the T2 highly hyperintense areas and latter hypointense as cavitation sets (as seen in Fig. 3) ; the intermediate zone of active demyelination, lymphocytic infiltration and blood-brain barrier breakdown, seen as T2 isointense areas; the outer zone, with active demyelination but with preserved axons, which can be highlighted with contrast enhancement in T1 to evaluate the disease progression [7, 21] . This gadolinium enhancement is correlated with disruption of the BBB and the area of future inflammation [22, 23] . The Loes Scoring System is a practical method to define the natural history of the disease and to monitor response to therapies [24] , although only described in males under 20 years.
Diagnosis
The presence of VLCFA with an ABCD1 gene mutation associated with a progressive sensorimotor deficit in the lower limbs and a family history of myelopathy should establish the diagnosis of AMN. An MRI study with the presence of white matter lesions in the periventricular area, parietal and occipital region and the corpus callosum (Fig. 1.) should conjoin the cerebral form of the disease to the diagnostic suspicion. A spinal cord MRI study showing corticospinal or bilateral pyramidal tract involvement without any brain affection may isolate the pure-AMN phenotype as the diagnostic suspicion.
Differential diagnosis
The differential diagnosis of the AMN variant of X-ALD could be, principally, mainly against the diseases that course with spastic paraparesis. The diseases that most commonly develop this clinical sign are the large group of myelopathies: infectious, immune-mediated, degenerative, congenital, vascular, toxic/metabolic, and neoplastic [25] . Other rarer pathologies such as the leukodystrophies (e.g., metachromatic leukodystrophy, Krabbe disease, gangliosidosis, amongst others) and the motor neuron diseases that behave like an upper motor neuron (UMN) disorder (e.g., familial spastic paraparesis or hereditary spastic paraplegia, and primary lateral sclerosis) can also show spastic paraparesis with other neurologic manifestations as well as cerebral involvement.
Myelopathies
A myelopathy can present a variety of different signs and symptoms depending on the area of damage in the spinal cord. They can be divided into multiple groups depending on the cause of the lesion, the affected zone, and the clinical presentation (i.e. etiologic, anatomic, and clinical diagnosis). While there is a myriad of spinal cord disorders only the few that impairs the corticospinal tract can feature spastic paraparesis or lower limb weakness independently of their localization within the spinal cord (i.e. extradural, intradural-medullary, intraduralintramedullary or intradural-tract specific) [25] . The anterior spinal cord syndrome (most commonly caused by anterior spinal artery infarct) affects the lateral and ventral tracts displaying as weakness and loss of nociception and thermoception below the level of the lesion; lower motor neuron (LMN) pattern at the same level by comprising the anterior horn; bladder, bowel, and sexual dysfunction from the autonomic fibers impairing [26, 27] .
While commonly presenting motor symptoms they rarely affect the encephalon unless the spinal cord affection is from a systemic disease that could manifest rostrally in the central nervous system.
Leukodystrophies
The leukodystrophies are a conglomerate of inherited disorders that affect the cerebral white matter, mostly the axon-unit conformed by the astrocytes, oligodendrocytes, ependymal cells and microglia [1] . Frequently from genetic background, therefore, caused by a variety of mutations depending on each pathology. Each disease impairs a different metabolic route by decreasing the quantity of a disease-specific enzyme, causing the posterior accumulation of a disease-specific substance in an organ and affecting its regular activity. Clinically they display similar neurologic features between them (e.g. spasticity, peripheral neuropathy, and ataxia). In some cases the only significant difference is the MRI pattern that each disease presents or the finding of a precise mutation or lack of a metabolic product of a specific enzyme (Table 1) . A high percentage of the leukodystrophies are seen in the pediatric population and a lower incidence is present in the juvenile and adult populations with a similar or a different set of manifestations from the childhood form.
Motor neuron disease
The affection of the motor neurons is a group of disorders of both the UMN and LMN, which result from their dysfunction and generally manifest as limb weakness without sensory impairment. The most common type of motor neuron disease is amyotrophic lateral sclerosis but exhibiting as an LMN predominant disorder it rarely presents spasticity or other UMN signs and symptoms and thus if these are present it should be considered as primary lateral sclerosis. Other motor neuron disease to consider could be familial spastic paraparesis also known as hereditary spastic paraplegia which is a variety of conditions characterized by lower limb spasticity and weakness (Table 1) .
Treatment
The hematopoietic stem cell transplantation (HSCT) stands as the only probed treatment for X-ALD with varying results, giving the possibility of arresting the progression of the disease. The mechanism by which the HSCT works against the process of demyelination is still Table 1 MRI: magnetic resonance imaging; CT: computed tomography; GM1: Only the leukodystrophies and the motor neuron diseases that course with spastic paraparesis and gait disturbance are displayed. Spasticity, gait disturbances, absence of peripheral reflexes, peripheral neuropathy, ataxia, movement disorders and seizures.
Frontal and parietal periventricular white matter involvement seen as T2 hyperintensities in a centrifugal pattern.
A striped tigroid or a butterfly appearance may be seen [20] .
Krabbe disease or globoid cell leukodystrophy GALC Absence of galactosylceramidase activity and posterior galactosylceramide and psychosine accumulation [28] .
Spastic paraparesis, visual impairment, ataxia, seizures, behavioral or cognitive decline, and peripheral neuropathy [14] .
Hyperintensities on the basal ganglia, the thalamus. and the cerebellum. Parietooccipital white matter involvement, and selective of the corticospinal tract [14, 28] .
Alexander's disease Bulbar and pyramidal tract involvement, with sleep disturbance, cerebellar ataxia, autonomic and urinary dysfunction and palatal myoclonus [29] .
Upper spinal cord and medullary atrophy, periventricular and frontal white matter change, and basal ganglia involvement [29] .
Gangliosidosis

GLB1 and HEXA
Absence of hexosaminidase and β-galactosidase activity for GM2 and GM1 variants, respectively. Excessive neuronal glycolipid storage [14] .
GM1 variation: display gait disturbances and speech impairment.
T2 signal hyperintensities in the caudate nucleus and the putamen, while hypointensities are observable in the globus pallidus [14] .
GM2 variation: from fasciculations, spasticity, weakness, ataxia, and dystonia, to psychosis [14] .
Cerebrotendinous xanthomatosis
CYP27A1
Deficiency of sterol 27-hydroxylase, leading to an abnormal conversion of cholesterol into cholic and chenodeoxycholic acids which elevates the cholestanol levels in plasma and its posterior accumulation in brain, tendons, eyes and other tissues [30] .
Systemic disease (xanthomas of the Achilles tendon, atherosclerosis, osteoporosis, and respiratory, endocrine and hepatic abnormalities) with neurologic manifestations: spastic paraparesis, ataxia, peripheral neuropathy and dementia [30] .
Periventricular white matter change with sparing of the corpus callosum. T2 high intensities in cerebellar white matter and low intensity in dentate nucleus [29] .
Hereditary spastic paraplegia High variety of involved genes: SPG4 or SPAST for autosomal dominant, SPG11 for autosomal recessive, and SPG1 or L1CAM for X-linked, are the most common mutations of each type of heritage [31] .
Axonal degeneration of the long descending corticospinal tracts and ascending dorsal columns, probably by disrupting axonal macromolecules and organelles transport, affecting the distal part of these neurons [31] .
Pure form: spastic paraparesis.
Thinning of the cervical and thoracic spinal cord [31] .
Complicated form: spastic paraparesis with ataxia, amyotrophy, optic atrophy, pigmentary retinopathy, mental retardation, extrapyramidal signs, dementia, deafness, ichthyosis, peripheral neuropathy and epilepsy [31] .
Primary lateral sclerosis Unknown; probably from multiple genetic mutations [32] . Dysfunction of the descending corticospinal tracts. Spasticity, hyperreflexia, and mild weakness; dysarthria, dysphagia, and emotional lability.
There are not structural abnormalities described, except there can be precentral gyrus atrophy [32] .
unknown [22, 23] . The efficacy of the transplantation therapy has been associated with the state of progression and early stages of the disease, meaning that once neurologic symptoms have aggravated the treatment has not shown to stop the pace of the cerebral form of ALD [33] .
Other treatments such as low-fat diet and Lorenzo's Oil have shown to reduce VLCFA concentrations but lack to make any improvement in the disease progression and symptoms [34, 35] . However, both approaches could help to reduce the risk of developing the cerebral disease in individuals with pre-symptomatic ALD [36, 37] .
There is a newborn screening in the United States (New York) that involves biochemical studies based on quantification of a lysophosphatidylcholine derivative of VLCFA, which is elevated in the individuals that could potentially exhibit the disease. A confirmatory molecular genetic testing is also performed to assist in the diagnosis determining if there is any mutation in the ABCD1 gene. This is for the purpose to identify the individuals that could be treated with HSCT and to establish a follow up [9, 38] . The possibility of an extended family screening has been considered to identify both female and male with X-ALD before the onset of adrenocortical or neurological affection, as well as heterozygous individuals [9] . Female carriers could potentially transfer the ABCD1 mutated gene to their male offspring so genetic counseling and prenatal diagnosis by different techniques are recommended [5, 6] . Although adrenocortical function evaluation is not a neurological approach the presence of adrenal insufficiency could be useful in detecting young individuals with ALD before the onset of symptoms and in which adrenal hormone therapy should be administered to avoid an endocrinological morbidity [39, 40] .
Conclusion
The X-ALD is a genetic disease that is transmitted by the mother and endured by the male offsprings, although female patients can show up in a less degree and in an older age. With a general early onset at the three years of age it rarely presents in adults also with a progressive white matter affection and clinical manifestations of damage in spinal cord and encephalon. We correlated the current concepts with a clinical case and we tried to show how is the progression, the image evolution, and the available treatments of an unfortunate disease where the consolation of the family is sometimes the only alternative that we can be offering as physicians. We must continue looking for new therapeutic possibilities or perhaps the prompt diagnosis in individuals with genetic risk before the initial symptoms come up.
